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Abstract 
This article presents a novel electrical/mechanical hybrid 4-redundancy brushless DC torque motor (BLDCM), which has 
found applications in direct drive actuators (DDA) of aerial vehicles. This motor is characteristic of electrical/mechanical hybrid 
4-redundancy by securing two stators along with two rotors on the same shaft. Each stator contains two sets of windings embed-
ded in separated slots. Furthermore, compared to the scheme of two electrical dual-redundancy BLDCMs linked by a mechanical 
transmission, the proposed motor has lower volume and lighter weight, eliminates the nonlinearity caused by the gap of the me-
chanical transmission, moderates the requirement for the torque balance between redundancies and reduces the cogging torque 
by shifting the magnets. Both magnetic circuit calculation and the finite element analysis (FEA) of the electromagnetic field are 
conducted to optimize the design process. A prototype motor has been produced and tested. The results indicate that its perform-
ances comply with the requirements presented by designers. Moreover, the position frequency response of the prototype in the 
DDA’s unloaded situation has also demonstrated the fulfillment of desired dynamic characteristics. 
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1. Introduction1 
There are three major types of actuators used in ae-
rial vehicles: hydraulic actuator (HA), electrical hy-
drostatic actuator (EHA) and electrical mechanical 
actuator (EMA). Despite of its intrinsic defects, HA 
has now found wide applications in the aviation field 
due to its higher power density and better dynamic 
characteristics compared to EHA and EMA. 
In the conventional HA, there are three major types 
of electro-hydraulic servo multistage valves with pilot 
valve: slide valve, jet-pipe valve and flapper valve. 
With a number of good merits, they are all structured 
with great complexity and rather prone to oil contami-
nation thus causing frequent servo malfunctions[1-3] .  
With the valve spool directly driven by the motor, 
the direct drive valve (DDV) is superior to the tradi-
tional electro-hydraulic servo valve in its structural 
simplicity, low cost and outstanding maintainability. 
Furthermore, it is easier to develop aerial actuators 
with digital controller and redundancy management by 
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using DDV. An actuator that adopts DDV is called a 
direct drive actuator (DDA). 
Making its debut in the 1970s, DDA proves an ideal 
solution to the digital fly-by-wire system[4-5]. After 
about 40 years’ development, it has been widely ap-
plied in modern aircraft, such as B-2, F-22, YF-23A, 
JAS-39, X-29, EFA-2000 and IDF[6-9]. 
The driving motor in DDA is one of the crucial 
components. According to its mode of motion, it can 
be divided into two categories: linear force motor for 
driving slide valves and rotary torque motor for plate 
rotating valves. Owing to its better anti-contamination 
performances, the plate rotating valve[10] shows real 
promise in future DDV for aerial uses. However, little 
information in the application of motors in DDV could 
be found in current publications.  
This article presents a brand-new electrical/mech- 
anical hybrid 4-redundancy brushless DC torque Mo-
tor (BLDCM) associated with plate rotating valves in 
the DDA system. It ensures normal functions of the 
system in the case of the first and the second redun-
dancy failures. Even when the third redundancy fails, 
it can still guarantee system’s safety. Both magnetic 
circuit calculation and finite element analysis (FEA) 
are adopted to optimize the design of the electromag-
netic field. This process begins with acquisition of the 
primary structure parameters of the motor through Open access under CC BY-NC-ND license.
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magnetic circuit calculation followed by optimization 
through FEA. In order to reduce the cogging torque in 
the electrical/mechanical hybrid structure, a shifted 
magnet scheme is adopted. A prototype of the electri-
cal/mechanical hybrid 4-redundancy BLDCM is made 
and an experiment on the 4-redundancy in DDA’s 
unloaded situation is conducted to investigate the dy-
namic characteristics of the prototype motor. 
2. Structure Design 
There have been reported two basic redundancy 
structures of BLDCM known as the electrical redun-
dancy and the mechanical redundancy in previous 
literature[11-14]. The existing 4-redundancy BLDCM is 
constructed by combining two electrical dual-redu- 
ndancy BLDCMs which are linked by a mechanical 
transmission such as gears [15].  
The proposed hybrid 4-redundancy BLDCM com-
bines the two electrical dual-redundancy BLDCMs in 
another way. More specifically, there are two stators 
together with two rotors on the same shaft and each 
stator contains two sets of windings embedded in se-
parated slots. Fig.1 and Fig.2 show the structures of 
the design. Compared to the structure in which two 
electrical dual-redundancy BLDCMs are linked by the 
mechanical transmission, the proposed structure pro-
vides smaller volume and lighter weight, eliminates the 
nonlinearity of the gear system and moderates de-
mands for the torque balance between redundancies. 
Moreover, by shifting the magnets in the two rotor 
structure, it obviously has advantages not only in re-
ducing cogging torque, but also in decreasing commu-
tation torque ripple amplitude as a result of distribution 
of the phase-change points. The influences of the inter 
turn short circuit and even the interphase short circuit 
are also considered in the design. As the proposed 
motor is designed to be a torque motor working at low 
speeds, the short circuit fault happening in one of the 
redundancies would induce a small fault current and in 
turn a small fault torque, which might be counteracted 
by the other redundancies.  
 
Fig.1  Structure of electrical/mechanical hybrid 4-redundancy 
BLDCM. 
 
 
 
Fig.2  Structure of one set of a rotor and a stator. 
In the proposed structure, the two sets of a rotor and 
a stator on the same shaft compose mechanical redun-
dancies. On each rotor there are six shell magnets. And 
the magnets on one rotor are so arranged that they are 
shifted π/36 rad relative to those on the other rotor to 
reduce the cogging torque (see Fig.3). To ensure the 
back-EMF waveform to resemble the form of trape-
zoidal wave, this motor adopts concentrated double 
layer lap windings, which are Y-connected. The num-
ber of slots per pole per phase is one per redundancy, 
and there are 36 slots on one stator to contain two sets 
of windings for two electrical redundancies. Fig.4 il-
lustrates the three-phase winding diagram of 1-redun-
dancy. The structure parameters of one set of a rotor 
and a stator are determined according to the per-
formance requirements presented by two redundancies. 
 
Fig.3  Rotor structure of an electrical/mechanical hybrid 
4-redundancy BLDCM. 
The whole design procedure comprises the magnetic 
circuit calculation and the FEA. A preliminary design 
is made on the basis of the performance requirements 
by the DDA system through magnetic circuit calcula-
tion and empirical formulas in the motor engineering. 
Then the design is verified with FEA to ensure that it 
satisfies general requirements presented by the DDA 
system. Finally, the design is optimized through alter-
natively performing magnetic circuit calculation and 
FEA.  
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Fig.4  Winding diagram of 1-redundancy. 
3. FEA 
3.1. FEA in design 
The optimization through iteration of magnetic cir-
cuit calculation and FEA results in the following ulti-
mate design parameters: supply voltage 28 V; stall 
torque of each redundancy 1.08 N·m; torque of each 
redundancy at 600 r/min 0.46 N·m; unloaded speed  
1 184 r/min. 
FEA confirms the feasibility of the design. Fig.5 
shows the state of the magnetic flux lines and Fig.6 the 
magnetic flux density when the motor is at stall. The 
minimum magnetic flux density in the magnets is 
about 0.7 T, which means absence of demagnetization 
 
Fig.5  State of magnetic flux lines. 
 
Fig.6  State of magnetic flux density. 
in the permanent magnets. Fig.7 shows one phase 
back-EMF waveform at 550 r/min, when the flat-top 
width equals about 120 electrical degree. 
 
Fig.7  One phase back-EMF waveform at 550 r/min. 
3.2. Cogging torque analysis 
The electrical/mechanical hybrid 4-redundancy 
BLDCM is used for accurate position servocontrol in 
the DDA system. Reducing the cogging torque is cru-
cial to improve the accuracy of position control. With 
the electrical/mechanical hybrid 4-redundancy structure, 
the cogging torque can be reduced by shifting mag-
nets. 
According to Ref.[16], the cogging torque is  
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where cN is the least common multiple of the number 
of stator slots Qs and that of 2p poles, θ the mechani-
cal angle between the stator and the rotor axes, Ti the 
harmonic amplitude of the cogging torque, Ksk the 
skewed slot factor and sk 1K =  for straight slots.  
According to Eq.(1), the cogging torque on rotor A 
is  
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For the two rotors now under study, the magnets on 
one rotor are required to shift s2 / 2Qπ = π/36  rad 
relative to those on the other rotor, thus effectively 
reducing the cogging torque of the whole motor. Ac-
cording to Eq.(2), the cogging torque of the proposed 
BLDCM is 
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Eq.(3) shows that only even order harmonics of the 
cogging torque remain in the proposed design. 
The cogging torque is further examined with FEA to 
verify the proposed method. Fig.8 displays the cogging 
torque per tooth pitch on one rotor of the newly de-
signed BLDCM, in which the amplitude is 0.049 N·m. 
If the magnets on one rotor were in line with those on 
the other rotor, its cogging torque would be doubled to 
be 0.098 N·m. Fig.9 shows that the amplitude of the 
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entire cogging torque is 0.025 N·m, down by 74% 
(0.073 N·m) after this shifting.  
 
Fig.8  Cogging torque per tooth pitch on one rotor of elec-
trical/mechanical hybrid 4-redundancy BLDCM. 
 
Fig.9  Cogging torque per tooth pitch of whole electri-
cal/mechanical hybrid 4-redundancy BLDCM. 
4. Experimental Procedure  
Fig.10 illustrates the prototype of an electrical/me- 
chanical hybrid 4-redundancy BLDCM manufactured 
according to the final design. 
 
Fig.10  Prototype of the electrical/mechanical hybrid 4-re-
dundancy BLDCM. 
An experiment is carried out to verify the design. 
Fig.11 depicts the speed-torque characteristics. It can 
be easily observed that the designed speed-torque 
characteristics are quite consistent with the test results. 
In addition, the actual one phase back-EMF waveform 
at 526 r/min is shown in Fig.12. Comparing Fig.7 with 
Fig.12, it can be seen that the actual back-EMF wave-
form is the same as the back-EMF waveform obtained 
with FEA.  
To verify the performances of the motor of DDA 
system, an experiment has been performed on the po-
sition frequency response of the proposed motor in 
DDA’s unloaded condition. Fig.13 evinces the fre-
quency response at 20 Hz with the amplitude of 6°. 
The experimental results have evidenced the proposed 
BLDCM, which possesses satisfied dynamic charac-
teristics.  
 
Fig.11  Speed-torque characteristics. 
 
Fig.12  An actual one-phase back-EMF waveform. 
 
Fig.13  Frequency response at 20 Hz with amplitude of 6°. 
5. Conclusions 
This article has developed a novel electrical/me- 
chanical hybrid 4-redundancy BLDCM for DDA sys-
tem. The magnetic circuit calculation and the FEA are 
combined to optimize the design. A prototype of the 
devised BLDCM is produced to examine its perform-
ances. An experiment on the performances of the pro-
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totype has shown that there is excellent agreement 
between the prototype and the design in terms of per-
formances. Moreover, experimental results have indi-
cated that the proposed BLDCM has shown great 
promise as an alternative to currently used BLDCM in 
the DDA system for aerial uses.  
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